Normal blood supply to the cochlea is critical for hearing. Noise damages auditory sensory cells and has a marked effect on the microvasculature in the cochlear lateral wall. Pericytes in the stria vascularis (strial pericytes) are particularly vulnerable and sensitive to acoustic trauma. Exposure of NG2DsRedBAC transgenic mice (6-8 weeks old) to wide-band noise at a level of 120 dB for 3 h per day for 2 consecutive days produced a significant hearing threshold shift and caused pericytes to protrude and migrate from their normal endothelial attachment sites. The pericyte migration was associated with increased expression of platelet-derived growth factor beta (PDGF-BB). Blockade of PDGF-BB signaling with either imatinib, a potent PDGF-BB receptor (PDGFR) inhibitor, or APB5, a specific PDGFRβ blocker, significantly attenuated the pericyte migration from strial vessel walls. The PDGF-BB-mediated strial pericyte migration was further confirmed in an in vitro cell migration assay, as well as in an in vivo live animal model used in conjunction with confocal fluorescence microscopy. Pericyte migration took one of two different forms, here denoted protrusion and detachment. The protrusion is characterized by pericytes with a prominent triangular shape, or pericytes extending fine strands to neighboring capillaries. The detachment is characterized by pericyte detachment and movement away from vessels. We also found the sites of pericyte migration highly associated with regions of vascular leakage. In particular, under transmission electron microscopy (TEM), multiple vesicles at the sites of endothelial cells with loosely attached pericytes were observed. These data show that cochlear pericytes are markedly affected by acoustic trauma, causing them to display abnormal morphology. The effect of loud sound on pericytes is mediated by upregulation of PDGF-BB. Normal functioning pericytes are required for vascular stability.
INTRODUCTION
Pericytes are specialized mural cells located on the abluminal surface of microvessels. They are critical for vascular development, regulation of blood flow, vascular integrity, angiogenesis, and tissue fibrogenesis (Dore-Duffy et al. 2006; Peppiatt et al. dysfunction, such as seen in brain stroke, heart infarct, and retinal disease (Liu et al. 2012; Greif and Eichmann 2014; O'Farrell and Attwell 2014; Greenhalgh et al. 2015) , and diabetic retinopathy (Pfister et al. 2008; Kim et al. 2016) .
Normal function of the cochlear microvasculature is critical for maintaining the endocochlear potential (EP), ion transport, and fluid balance (Salt et al. 1987; Gratton et al. 1996; Wangemann 2002; Cohen-Salmon et al. 2007; Ohlemiller et al. 2008; Shi 2011; Chen et al. 2014b; Ingham et al. 2016) . A reduction in blood flow to the cochlea leads to a shortage of nutrients and oxygen in the tissue and creates a Btoxicê nvironment with accumulation of harmful metabolites. A unique feature of strial blood vessels is that they contain a rich population of pericytes, as illustrated in Fig. 1(A) . The pericytes interact with endothelium to constitute a unique intrastrial fluidblood barrier in the stria vascularis (Shi 2016) . The structural integrity of the intrastrial fluid-blood barrier in the stria vascularis is essential for hearing (Salt et al. 1987; Gratton et al. 1996; Choudhury et al. 2009; Dai and Shi 2011; Shi 2011; Neng et al. 2013; Shi 2016) .
The role of strial pericytes in normal hearing and hearing disorders is unknown. In general, a high density of pericytes in a region is often indicative of particularly important physiology in the area (Sims 1986) . Pericyte pathology in the region would have a significant adverse effect on the regional vascular function. Our initial studies on cochlear pericytes showed that the pericytes in the stria vascularis are critical for maintaining the tightness of the intrastrial fluid-blood barrier . Recently, we found strial pericytes are responsive and vulnerable to changes in environmental conditions such as aging and inflammation. Strial pericyte initiated release of vesicles and pericyte migration is found both in aged animals (Neng et al. 2015) and under inflammatory conditions . In this study, we have further demonstrated the vulnerability of strial pericytes and strikingly changes in pericyte morphology in response to loud sound. Pericyte protrusion and detachment from vessel walls are seen in different regions of the stria vascularis following exposure to long duration loud sound. The underlying mechanisms of these changes in pericytes are not yet known.
Pericyte migration has also been seen in the brain (Dore-Duffy et al. 2000) , retina (Chen et al. 2011) , and heart (O'Farrell and Attwell 2014) in response to stress and injury. Researchers have found pericyte migration is an early sign of brain hypoxia (Gonul et al. 2002) and indicative of severe pathology in diabetic retinopathy (Pfister et al. 2008; Kim et al. 2016) . Cell migration is a typical response to environmental stimuli in addition to secretion of growth factors and cytokines (Devreotes and Horwitz 2015).
The signals and mechanisms governing pericyte migration are not yet fully established. In this study, we identified PDGF-BB, a mitogenic growth factor, as a trigger for pericyte migration in the inner ear.
PDGF belongs to a family of four chain (A-D) growth factors essential for many key cellular processes in mesenchymal cells (Donovan et al. 2013) . In particular, PDGF-BB binds its receptor PDGFRβ to activate downstream signaling pathways to regulate pericyte survival, migration, apoptosis, proliferation, and differentiation. Studies have shown that PDGF-BB/PDGFRβ activates Ras/Rho/Rac and protein kinase C signaling, leading to pericyte dissociation from abluminal endothelial surfaces and inducing protrusion of cellular processes away from vessels (Aguilera and Brekken 2014).
Strial tissue edema and vascular leakage are known as the consequences of acoustic trauma. However, it has not been known whether pericyte migration accompanies these pathological outcomes. In this report, we used a fluorescent reporter transgenic mouse model (NG2DsRed transgenic mice) to track both pericyte migration and non-pericyte migrationrelated vascular pathological consequences. We particularly focus on vascular permeability. We found that loud sound-induced vascular leakage occurs predominantly at sites of pericyte migration. The findings imply that pericyte migration may be a causal pathogenic event contributing to strial edema following loud sound trauma in the auditory system. The results suggest targeting of pericyte migration may provide opportunities for new therapies for preventing early noise-induced tissue swelling and edema. A better ion microenvironment could give injured sensory hair cells a better chance to survive by increasing cochlear oxygenation, potentially facilitating hearing recovery.
MATERIALS AND METHODS

Animals
NG2DsRedBAC transgenic (008241, 6-8 weeks old) and C57BL/6J (000664, 6-8 weeks old) strains of mice were purchased from Jackson Laboratory (Bar Harbor, Me., USA). All procedures in this study were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at Oregon Health & Science University (IP 00000968).
Loud Sound Exposure
Animals with a positive Preyer reflex were divided into control and loud sound-stimulated groups. Animals receiving loud sound exposure were placed in wire mesh cages and exposed to broadband noise at 120 dB sound pressure level (A-weighted, SPL) in a sound exposure booth for 3 h and an additional 3 h the next day. This regime of intense sound exposure, routinely used in our laboratory, produces permanent loss of cochlear sensitivity at all frequencies measured (4, 8, 16, 24, and 32 kHz) (Shi 2009; Zhang et al. 2013 ).
Quantitative Real-Time Polymerase Chain Reaction mRNA expression of PDGF-BB in the stria vascularis of control and loud sound-stimulated groups was measured by quantitative real-time PCR. Total RNA was extracted with an RNeasy kit (74204, Qiagen, Valencia, CA) from control and loud soundstimulated groups (cohorts of 3 mice). Two micrograms of total RNA sample was reverse-transcribed using a RETROscript kit (AM1710, Ambion, Austin, TX, USA). The cDNA synthesized from total RNA was diluted 10-fold with DNase-free water. Transcript quantities were assayed by TaqMan gene expression assay for PDGF-BB (4331182, mouse, amplicon length 61, Mm00440678_m1, size 75 rxn. padded amplicon for Mm00440678_m1: accacctcgc ctgcaagtgt gagacagtag tgacccctcg gcctgtgact agaagtcctg ggacatccag ggagcagcga gccaagacgc ctcaagctcg ggtgaccatt cggacggtga gaatccgccg gccccccaaa ggcaagcacc gaaagtttaa) with a StepOnePlus real-time PCR system (Applied Biosystems, CA, USA). Thermal cycling conditions were 95°C for 20 s, 40 cycles of 95°C for 1 s, 60°C for 20 s. Mouse Gapdh (4352339E, Applied Biosystems, CA, USA) expression was the endogenous control. Samples were run in triplicate for PDGF-BB. Quantitative PCR was performed according to the guidelines provided by Applied Biosystems. The comparative cycle threshold HOU ET AL.: Platelet-derived growth factor subunit B signaling promotes strial pericyte migration in response to loud sound (C T ) method (ΔΔC T quantitation) was used to calculate the difference between samples.
ELISA and Western Blot Analysis
Protein level of PDGF-BB in the stria vascularis of control and loud sound-stimulated groups was measured by both ELISA and Western blot. For the ELISA measurement, 12 samples of whole mounts of stria vascularis from 4 control and 4 loud sound-stimulated animals were assessed. The level of PDGF-BB is estimated with an enzyme-linked immunosorbent assay (ELISA) kit (catalog no. MBB00; R&D Systems, Minneapolis, MN, USA) used per company instructions. The fluorescence signals were detected with a Tecan GENios Plus microplate reader at an excitation wavelength of 450 nm, with emission acquired through a 560-nm filter. The fluorescence signal reflects the level of PDGF-BB concentration. For western blot, 10 strial strips were isolated from 5 animals in each group and homogenized in lysis buffer cocktail with a protease inhibitor for 30 s. A total of 50 μg protein from each cohort was added to a 10 % sodium dodecyl sulfate-polyacrylamide gel for detection of PDGF-BB and GAPDH. Proteins were electrophoretically transferred to PVDF membranes and blocked with nonfat milk for 1 h at room temperature. Specific immunodetection was carried out by incubation with primary antibodies, with the anti-PDGF-BB antibody diluted 1:1000 in skim milk overnight at 4°C. After 3 washes with TBST, the membranes were incubated for 1 h with secondary antibody, and antigens assessed using ECL Plus Western Blotting Detection Reagents (Amersham, Arlington Heights, IL, USA). WB analysis of PDGF-BB was performed to compare expression of PDGF-BB against the GAPDH endogenous control. Related antibody information is listed in Table 1 .
Immunohistochemistry and Confocal Microscopy
Immunohistochemistry was previously reported by Zhang et al. (2012) . Briefly, mice were deeply anesthetized with ketamine hydrochloride and xylazine hydrochloride as previously described. The mice were perfused intravascularly through the left ventricle with 1× phosphate-buffered saline (PBS, pH 7.4) to flush out circulating blood, followed by 4 % paraformaldehyde fixative. The mice were decapitated, the cochleae harvested and fixed in 4 % paraformaldehyde overnight. Whole-mounts of stria vascularis from different experiment groups were carefully isolated, after a wash in 1 × PBS, permeabilized in 0.5 % Triton X-100 (T8787, Sigma-Aldrich, USA) in 1× PBS for 0.5 h, and immuno-blocked with a solution of 1 % fish gelatin (G7765, Sigma-Aldrich, USA) in 1× PBS for an additional hour. The specimens were incubated overnight at 4°C with a monoclonal primary antibody, rabbit anti-desmin (ab32362; Abcam, Cambridge, MA) in 1 % bovine serum albumin (BSA) in 1× PBS. After three washes in 1 × PBS, samples were incubated with the secondary antibody, Alexa Fluor 488-conjugated goat anti-rabbit IgG (A11008, Invitrogen Eugene, OR, USA) for 1 h at room temperature. Capillaries were labeled with the lectin Griffonia simplicifolia IB4 (GS-IB4) conjugated to Alexa Fluor 647 (I32450, Thermo Fisher Scientific, USA). The tissues were washed three times and mounted (H-1500, Vector Laboratories, USA). Controls were prepared by replacing primary antibodies with overnight incubation in PBS-BSA. The pericyte soma was identified by the red fluorescence emission of DsRed.T1 under the control of the mouse NG2 (Cspg4). Pericyte processes were identified by the green fluorescence emission of Alexa Fluor 488. The strial capillaries were visualized by the blue fluorescence emission of Alexa Fluro 647. In this study, pericyte migration was classified as either protrusion or detachment. Protrusion migration displays with the morphological change in pericytes from a normal flat cellular body to a prominent round body or triangular cell body with a fine strand at the top that is frequently connected to a neighboring vessel. This type of pericyte migration was described by Pfister et al. (2008) . Detachment migration displays with movement of the pericyte soma or processes away from the capillary wall or movement away from the capillary. All images were acquired by confocal microscopy (Olympus FV1000, Japan), saved as OIB files, and processed using Adobe Photoshop CS2 (Adobe Systems, San Jose, CA, USA). Adobe Photoshop was used to merge and combine multiple images.
To detect PDGFR-β protein expression in migrated and non-migrated pericytes, a fluorescence lectin dye (DL-1178, Vector, 50 mg/ml, 100 μl) was administrated through the retro-orbital sinus to label blood vessels for 5 min before animals were sacrificed. Whole-mounts of the stria vascularis from control and loud sound-stimulated animals were then isolated and fixed. The specimens were incubated overnight at 4°C with a primary antibody for PDGFR-β (ab32570; Abcam, Cambridge, MA) in 1 % bovine serum albumin (BSA) in 1× PBS. After three washes in 1 × PBS, samples were incubated with the secondary antibody, Alexa Fluor 488-conjugated goat anti-rabbit IgG (A11008, Invitrogen Eugene, OR), for 1 h at room temperature. All images were acquired by confocal microscopy (Olympus FV1000, Japan), saved as OIB files, and processed using Adobe Photoshop CS2 (Adobe Systems, San Jose, CA, USA). To determine fluorescence intensity of the PDGFR-β protein expression, 20 relatively normal pericytes and 20 migrated pericytes from the same loud soundstimulated tissues were selected and mean pixel values obtained using the ImageJ histogram analysis. Background intensity was determined from a small window located away from the fluorescence of the vessels and subtracted from the fluorescence intensity value of the cells. The mean value from each group was averaged for the 20 cells from 3 loud soundstimulated tissues.
Transwell Migration Assay
An in vitro cell migration assay was used to determine if the PDDF-BB signal induces pericyte migration. Briefly, primary cultured strial pericytes at a concentration of 0.8 × 10 6 cells/ml were placed in upper compartments of a Boyden chamber (CBA-100-C, CytoSelect™ Cell Migration Assay, Cell Biolabs, Inc., San Diego, CA, USA) containing PDGF-BB at 2, 4, or 8 ng/ml (P3201, Sigma-Aldrich, USA). The Boyden chambers were placed in an incubator for 6 h. Migrated pericytes passed through the polycarbonate membrane and attached to the bottom side. The nonmigratory pericytes that remain in the upper insert are removed. Pericyte migration was assessed per instructions of the Cell Biolab manual. Each insert was transferred to a well containing 200 μl of lysis buffer and CyQuant® GR dye. Pericyte migration was evaluated by fluorometric analysis. Each concentration was tested at least 3 times. Fluorescence was recorded using a Tecan GENios Plus microplate reader at 450 nm excitation, 560 nm emission. The level of fluorescence signal reflects the degree of pericyte migration. The data were expressed as means ± S.D.
Pericyte Culture and Treatment
To investigate if PDGF-BB signals the pericyte migration, purified strial pericytes at the third passage were divided into control and PDGF-BB-treated groups. Pericytes were plated in collagen-coated dishes at a density of 1 × 10 4 cells/ dish. In the control group, pericytes were incubated in pericyte culture medium for 6 h, while in the PDGF-BB-treated group, the pericytes were exposed to pericyte culture medium containing PDGF-BB (P3201, Sigma-Aldrich, USA) at 2, 4, or 8 ng/ml for 6 h, respectively. At the end of the experiment, pericytes were fixed with 4 % paraformaldehyde for 15 min, permeabilized with 0.25 % triton for 30 min, and triple immunolabeled with antibody for desmin (1:100, ab32362, Abcam), Alexa Fluor® 647 phalloidin, a fluorescence dye for cellular cytoskeleton F-actin (1:100, A22287, Life Technologies, USA), and Hoechst, a fluorescence dye for cell nuclei (H-3569, 1:10000, Molecular Probes, USA). All images were taken using the same exposure time and laser intensity. Images were acquired with a × 10 objective under an FV1000 Olympus laser-scanning confocal microscope. A total of 20 images were recorded from each treatment group. Polarized pericytes were identified by their thin and long processes or unevenly distributed actin. Nonpolarized pericytes were identified by their large, broad filopodia morphology, as described by Shepro and Morel (1993) . For fluorescence measurements of F-actin and desmin expression, a series of images were obtained from control and PDGF-BB-treated groups. The fluorescence intensity of F-actin or desmin was measured as a mean value determined with the ImageJ histogram analysis. A background intensity was determined from a small window 
In Vivo Animal Model
Pericyte migration was tested in a live animal model (in vivo) in which an open vessel-window (cochlear fenestra) was created in the cochlear lateral wall as previously reported, see (Shi et al. 2014 ). The vesselwindow was created at the apex-middle turn, approximately 1.25 mm from the apex. A physiological solution containing 10 ng/ml PDGF-BB was directly superfused to the vessel-window for 30-60 min. The cochlea was fixed, and the full-length of the cochlear stria vascularis was isolated and immunolabeled with an antibody for desmin, a protein richly expressed in pericyte projections. The whole mount was examined under an Olympus inverted microscope fitted with a Fluoview FV1000 confocal laser system. Pericyte somas were identified by the red fluorescence signal of the NG2DsRed excited at 559 nm, with the emission acquired through a 600-nm filter. Pericyte projections were visualized at 488 nm excitation, with the emission acquired through a 550-nm filter.
Drug Treatment
To determine whether PDGF-BB/PDGF-β signaling mediates strial pericyte migration in the loud sound-stimulated condition, PDGF-BB/PDGFR-β signal was first blocked with imatinib, a potent PDGFR receptor blocker (S2475, Selleckchem, USA). Specifically, NG2DsRedBAC transgenic mice were divided into 4 groups (6 animals per group):
(1) control; (2) loud sound-stimulated; (3) loud sound-stimulated + imatinib-treated; (4) loud sound-stimulated + saline-treated. For the treatment groups, imatinib at 100 mg/kg was prepared with saline and administered as an acute, singledose intraperitoneal injection 1 h prior to loud sound stimulation. A similar dose was given the second day 1 h prior to loud sound stimulation. Control animals received the same volume of saline on the same schedule. Animals in the control and loud sound-stimulated groups were sacrificed immediately at the end of the sound exposure regime. Whole-mounts of the stria vascularis from each group were carefully isolated and fixed. The capillaries in the stria vascularis were labeled with GS-IB4-AlexaFluor-647. The number of pericyte migrations was counted over the entire length of stria vascularis for the control, loud sound-stimulated, and loud soundstimulated + imatinib-treatedgroups, and calculated as a percentage:
total number of protruded and detached pericytes total number of pericytes Â 100:
Data were expressed as means ± S.D. We also blocked the PDGF-BB/PDGFR-β signal with APB5, an antibody which specifically targets PDGFR-β (Sano et al. 2001; Sano et al. 2002; Hayashi et al. 2008 ). APB5 at 200 μg (in 100 μl saline) was given as an acute, single-dose intraperitoneal injection 1 h prior to loud sound exposure. The same dose was administered on the second day of loud sound stimulation, again 1 h prior to loud sound exposure. Control animals received the same volume of control rat IgG at the same concentration and on the same schedule. Animals either in the loud sound-stimulated + IgG-treated or loud sound-stimulated + APB5-treated groups were sacrificed immediately at the end of the sound exposure regime. Whole-mounts of stria vascularis from each group were carefully isolated and fixed. The role of PDGF-BB in initiating pericyte migration was assessed from comparison of migrated pericytes from loud sound-stimulated + control IgG-treated and loud sound-stimulated + APB5-treated. Images were acquired with a × 20 objective. The number of pericyte migrations, including protrusions and detachments, was counted at the different cochlear turns of the stria vascularis. A standard reference was used to define the range of cochlear turns (Lentz et al. 2013) . A total of 72 images were recorded from 8 loud sound-stimulated + control IgG-treated mice and a total of 72 images from 8 loud sound-stimulated mice/APB 5-treated mice. Pericyte migration was calculated as a percentage: total number of protruded and detached pericytes total number of pericytes Â 100:
Data were expressed as means ± S.D.
Transmission Electron Microscopy
The temporal bones were isolated, and the cochlea perfused through the round window. This was followed by immersion in a fixative of 4 % (wt/vol) paraformaldehyde and 0. 
Vascular Leakage Measurement
Pericyte migration-related vascular leakage was quantitatively analyzed by two experimental methods. In the first method, pericyte migration-related vascular barrier leakage was assessed by correlating the IgG fluorescence of tracer passed across capillary walls near the site of pericytes. Fluorescence tracer (Alexa Fluor® 488 conjugate goat anti-Human, MW = 150,000 Da, A-11013, Thermo Fisher Scientific) at 1.5 mg/ml in saline was intravenously administered to anesthetized animals in control and loud soundstimulated groups for 30 min prior to harvesting, a method we previously published .
Circulating blood cells and administered IgG tracer were flushed by left ventricle perfusion with PBS from the animal cardiovascular system, and then the mice were decapitated. Whole mounts of the stria vascularis from both groups were isolated and fixed. The capillaries in the stria vascularis were labeled with isolectin GS-IB4-AlexaFluor-647. IgG leakage was assessed using confocal microscopy to evaluate Alexa Fluor-488 fluorescence signal outside capillary walls in the vicinity of NG2DsRed fluorescence labeled migrated-and non-migrated pericytes.
In the second method, pericyte migration-related vascular barrier leakage was assessed by correlating horseradish peroxidase (HRP) tracer outside capillary walls with the location of pericytes. Mice in control and loud sound-stimulated groups were anesthetized. Type II HRP (P8250, Sigma-Aldrich, USA) solution at 100 μl (50 mg/ml) was intravenously administrated to animals. Thirty minutes later, heart perfusion was performed with 1 × PBS (pH 7.4) to flush the circulating blood. Cochleae were isolated and fixed with phosphate-buffered 3 % glutaraldehyde and 1.5 % PFA for 5 h. Stria vascularis from control and loud sound-stimulated groups were isolated and incubated in reaction buffer (Pierce™ DAB Substrate Kit, 34002, Thermo Fisher Scientific, USA) containing DAB and stable peroxide substrate for 1 h. After chemical reaction, samples were post-fixed for 1 h in 1 % osmium. Tissues were dehydrated through a graded alcohol series, embedded in Embed 812 (Electron Microscopy Sciences, Hatfield, PA., USA), sectioned, stained for 2 min with UranyLess (Electron Microscopy Sciences, USA), and examined on an FEI Tecnai-12 BioTWIN transmission electron microscope.
Statistics and Analysis
Data were presented as means ± S.D and were compared using Student's t test for two groups or one-way ANOVA for three or more groups followed by a Tukey multiple comparison. P G 0.05 was considered statistically significant. SPSS 18.0 software was used for the statistical analysis.
RESULTS
Loud Sound Causes Pericyte Protrusion and Migration
In this study, we found that strial pericytes are highly vulnerable to acoustic trauma. We noticed the morphology of pericytes in the stria vascularis undergoes striking changes with loud sound exposure. In a normal mouse cochlea, strial pericytes on the vessel walls are oriented longitudinally and lie flat along the vessels, as shown in Fig. 1(B and  C) . However, when animals are exposed to wideband loud sound at 120 dB, 3 h per day for 2 consecutive days, the pericytes become irregularly positioned along the vessel walls. A large number of the pericytes shed vesicles and begin to show protruding soma and detached processes, as shown in Fig. 1(D (white arrows) ). Different patterns of pericyte migration are readily apparent under high magnification, as shown in Fig. 1 
(E-H (green arrows)).
We classified the pericyte migration as either Bprotrusion^or Bdetachment^based on displayed patterns. Protrusion is characterized by a morphological change in pericytes from their normal flat cellular body to a prominent round body (a protrusion or triangular cell body with a fine strand at the top that is frequently connected to a neighboring vessel), a sign of pericyte migration described by Pfister et al. 2008 and shown in Fig. 1(E and F) . Detachment is characterized by dissociation from the strial capillary and movement of either the pericyte soma or pericyte process away from it, as shown in Fig. 1(G and H) . At the ultrastructural level, a normal pericyte is closely associated with endothelial cells (ECs) and ensheathed by basement membrane (Fig. 1(J) ). See the magnified image of panel (a) from region (a) of panel J. By contrast, a migrated pericyte is often dissociated from underlying ECs and displays with a disrupted basement membrane, as shown in Fig. 1(K) . The magnified image of panel (b) from region (b) of panel K illustrates the dissociation.
Loud Sound Significantly Increases PDGF-BB Production in the Stria Vascularis, with the Migrated Pericytes Expressing High PDGF-BB Receptor
In this study, we found PDGF-BB, a potent mitogen and chemotactic factor (Facchiano et al. 2000) , is significantly upregulated at both the transcriptional and protein level by the second day after loud sound exposure (Fig. 2) . Figure 2(A) shows the increased level of PDGF-BB mRNA measured by quantitative real-time pericyte R analysis. PDGF-BB protein expression in the stria vascularis was also significantly elevated, measured by Western blot (Fig. 2(B and  C) ) and ELISA (Fig. 2(D) ). Furthermore, immunohistochemical examination by confocal microscopy clearly showed PDGF-BB receptor, PDGFRβ, is increasingly expressed in the migrated pericytes. The expression was particularly conspicuous at these sites. Fig. 2(F) ). In contrast, the level of PDGFRβ expression in non-migrated pericytes was weak (arrows, Fig. 2(E) ). 
Pericyte Migration Is Associated with Increased PDGF-BB Activity
To determine whether the PDGF-BB signal triggers pericyte migration, we first tested the hypothesis in an in vitro transwell migration assay. A schematic of the experiment is illustrated in Fig. 3(A) . As expected, pericyte migration was markedly affected by PDGF-BB. Pericyte migration was significantly increased by PDGF-BB in a dose-dependent manner, as shown in Fig. 3(B) . Dramatic changes in pericyte morphology were also seen associated with PDGF-BB dose, as shown in Fig.  3(C-F) . Under control conditions, pericytes in vitro displayed a broad filopodia morphology (Fig. 3(C) ), consistent with that previously described by Shepro and Morel (1993) . In contrast, PDGF-BB-treated pericytes were thin with long processes (Fig. 3(D-F) ). These features are better visualized under high magnification under control (Fig. 3(G) ) and PDGF-BB-treated conditions ( Fig. 3(H) ). We also found significantly increased expression of cytoskeletal proteins such as F-actin and intermediate filament desmin when cells were treated with PDGF-BB (Fig. 3(J and K) ).
To further corroborate PDGF-BB signaling-induced pericyte migration, we also conducted a study in an in vivo live animal model. We created a Bvesselwindow^(cochlear fenestra) over the cochlear lateral wall and directly applied PDGF-BB to the opened vessel-window approximately 1.25 mm from the apex (red box, Fig. 4(A) ). After 30-60 topical minutes perfusion, the full-length of the cochlear stria vascularis was isolated, as shown in Fig. 4(B) . The whole mounted stria vascularis was immunolabeled with desmin, a protein richly expressed in pericyte processes (Fig. 4(C) ). We found pericytes in PDGF-BBtreated vessel-window areas to display prominent round bodied somas and detached foot processes. The foot processes were irregular and in less physical contact with endothelium, as shown in Fig. 4(E) . In contrast, pericyte foot processes were closely associated with capillary walls in non-PDGF-BB-perfused areas, as shown in Fig. 4(D) .
Blocking PDGF-BB Signaling Attenuates Pericyte Migration
We tested whether blocking PDDF-BB activity eliminates or attenuates loud sound-induced pericyte migration. Imatinib, a potent PDGFR blocker, was administered before loud sound stimulation. Control animals received the same volume of saline. We found that blocking the PDGF-BB signal significantly attenuated pericyte migration. The bar graph in Fig. 5 shows the significant change in pericyte migration between loud sound-stimulated and loud sound-stimulated/imatinib groups. In addition, we further confirmed the PDGF-BB signal is a trigger for pericyte migration by blocking the PDGF-BB signal with the neutralizing antibody (APB5). APB5 is a specific blocker for PDGFRβ (Sano et al. 2001; Sano et al. 2002; Hayashi et al. 2008) . In this study, APB5 (200 μg) was given as an acute, single-dose intraperitoneal injection 1 h before loud sound stimulation. An identical dose was administered an hour before loud sound exposure on the second day. Control animals received the same amount of rat IgG at the same concentration and on the same schedule. We found the specific targeting of PDGFRβ reduced total pericyte migration from 21.8 ± 1.9 % in the loud sound-stimulated/control IgG-treated group to 9.7 ± 1.9 % in the loud sound-stimulated/APB5-treated group.
Regional Vascular Leakage Preferentially Occurs in Areas of Pericyte Migration
Pericytes in the strial capillary network sustain vascular integrity and stability. In the cochlea, vascular leakage and strial tissue edema are frequently seen following acoustic trauma (Yoshida and Liberman 1999; Suzuki et al. 2002; Armulik et al. 2010; Bell et al. 2010) . However, it is not known whether pericyte migration initiates these changes, nor is it known whether vascular leakage primarily occurs at sites of pericyte migration. In this study, we compared vascular leakage in pericyte-migrated and non-pericyte-migrated regions of whole-mounted stria vascularis (Fig. 6(A and B) ), and we found that circulating immunoglobulin G (IgG) extravasation was most apparent near areas of protruded pericyte (Fig. 6(B) ). This pericyte protrusion is more evident in the magnified images of insert (a1) from panel A. Leaked IgG is also better visualized in insert b1 from panel B. The leakage is clearly demonstrated when capillaries are labeled with the fluorescence dye GS-IB4-Alexa Fluor-647 and imaged under high magnification, as shown in Fig. 6(C) .
We also used horseradish peroxidase (HRP), an enzymatic tracer, in conjunction with transmission electron microscopy (TEM), to detail vascular leakage at the ultrastructural level. Figure 7 shows TEM micrographs of capillary profiles at non-pericytemigrated and pericyte-migrated sites. HRP signal was virtually absent at non-pericyte-migrated sites after HRP was administrated in the blood circulation for 30 mins, as shown in Fig. 7(A) . On the other hand, dark HRP signals were detected largely at sites of pericyte soma detachment. Figure 7 (B) is a representative TEM image showing black HRP signals in the vicinity of a detached pericyte soma (indicated by the pink square area). These are better seen under high magnification in panel C (black arrows).
In addition, we noticed that the endothelial cell is flattened and its luminal surface smooth in nonmigrated pericyte regions. A dense basement membrane embedding pericyte closely associates with endothelial cell (D, white arrow). In contrast, the luminal surface of the endothelial cell is undulated 3, 20) = 112, ****P G 0.0001, one-way ANOVA; ****P(2 ng/ml vs 0 ng/ml) G 0.0001, ****P(4 ng/ml vs 0 ng/ml) G 0.0001, ****P(8 ng/ml vs 0 ng/ml) G 0.0001] . (C-H) Pericytes were triple labeled with DAPI (red), Alexa 488 phalloidin for F-actin (green), and antibody specific for desmin (blue). Non-stimulated pericytes are large and flat with a fan-like morphology, as in (C). Stimulated pericytes are polarized with long, thin processes and relatively high fluorescence signal for F-actin, see also (D, E and F) . (G and H) High magnification confocal projection images respectively show weak fluorescence signal for actin filaments in the non-stimulated pericytes (G) and increased fluorescence signal for F-actin filaments at the leading edge of cells stimulated by PDGF-BB (H, white arrows). (I-K) respectively show the degree of morphological change in pericytes [n = 20, F (3, 54) = 98.67, ****P G 0.0001, one-way ANOVA; ****P(2 ng/ml vs 0 ng/ ml) G 0.0001, ****P(4 ng/ml vs 0 ng/ml) G 0.0001, ****P(8 ng/ml vs 0 ng/ml) G 0.0001], and the fluorescence level of expression of Factin [n = 20, F (3, 20) = 53.5, ****P G 0.0001, one-way ANOVA; ****P(2 ng/ml vs 0 ng/ml) G 0.0001, ****P(4 ng/ml vs 0 ng/ml) G 0.0001, ****P(8 ng/ml vs 0 ng/ml) G 0.0001] and desmin [n = 20, F (3, 20) = 12.16, ****P G 0.0001, one-way ANOVA; ***P(2 ng/ml vs 0 ng/ ml) G 0.001, ***P(4 ng/ml vs 0 ng/ml G 0.001, *** P(8 ng/ml vs 0 ng/ ml) G 0.001] with microvillous protrusions in the pericyteprotruded region, as shown in Fig. 7 (E) (purple box). Multiple vesicles are frequently seen in the endothelial cell and the pericyte is loosely attached (Fig. 7(F) ). It is better visualized in the magnified image of panel (#) from region (#) of panel E and panel (*) from region (*) of panel F.
DISCUSSION
Normal hearing is dependent on the function of the microvasculature in the cochlea. Without proper blood supply and vascular integrity, the normal cochlear microenvironment is not maintained, increasing the likelihood of hearing loss. This study demonstrates that pericytes in the stria vascularis are highly sensitive and vulnerable to acoustic trauma. On exposure to loud sound, the pericytes protrude and detach from endothelial cells. PDGF-BB signaling mediates the protrusion and detachment. The pericyte migration caused vascular instability leads to regional vascular leakage. Our results demonstrate a new pericyte-related mechanism of noise-induced vascular damage in the ear. Targeting pericyte migration may help to control strial edema and restore tissue homeostasis in the stria vascularis.
THE PDGF-BB SIGNAL MEDIATES PERICYTE MIGRATION
Cell migration under pathological conditions is a typical response to adverse environmental stimuli, a (D and E) are high magnification confocal projection images taken from non-PDGF-BB-perfused (green box in panel C) and PDGF-BBperfused areas (blue box in panel C). In the non-PDGF-BB-perfused area pericytes tightly enshroud capillary walls. In contrast, in the PDGF-BB-perfused area, pericytes display irregularities, with retracted and detached foot processes (white arrows) and soma protrusion (white arrow head)
response which involves growth factors and cytokines (Yang et al. 2011) . The signals and mechanisms governing pericyte migration are not yet fully identified. However, a number of studies have shown that plateletderived growth factor (PDGF) plays an essential role in different types of cell migration, including pericyte migration (Facchiano et al. 2000; Sano et al. 2001; Sano et al. 2002; Hayashi et al. 2008; Armulik et al. 2010; Lentz et al. 2013; Shi et al. 2014; Zhang et al. 2015) . In this study, we found that PDGF-BB is markedly upregulated at both the transcriptional and protein level immediately after acoustic trauma. The PDGF-BB receptor, PDGFRβ, is exclusively expressed on strial pericytes, and increased expression is seen in the migrated pericyte processes. Most importantly, blockade of the PDGF-BB receptor with either imatinib, a potent inhibitor of PDGFRα and PDGFRβ , or APB5, a specific PDGFRβ inhibitor (Sano et al. 2001; Sano et al. 2002; Hayashi et al. 2008) , successfully attenuated pericyte protrusion and detachment in loud sound-traumatized animals. PDGF-BB directly induced migration of pericytes was also confirmed in other test models, including in a standard transwell cell migration assay and in ex vivo tissue and in vivo animal models. The PDGF family consists of five different disulfidebonded homo-and heterodimers: PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC, and PDGF-DD (Fredriksson et al. 2004 ). Among these forms, PDGF-BB is the most potent mediator for a number of cells, including smooth muscle cells and pericytes (Nadal et al. 2002; Niu et al. 2015; Kazlauskas 2017) . For example, Zhang et al. (2015) recently demonstrated that PDGF-BB signal significantly FIG. 5 . Blocking PDGF-BB signaling significantly attenuates pericyte migration. The percentage of pericyte migration in loud sound-stimulated animals is higher than in control animals. However, pericyte migration can be significantly attenuated by pretreatment of the animals with imatinib, a potent PDGFRβ blocker, [n ctrl = 6; n lss = 6; t (10) = 66.59, ****P (ctrl vs lss) G 0.0001, n lss + imatinib = 6; n lss + saline = 6; t (10) = 118.6, ****P (lss + imatinib vs lss + saline) G 0.0001, Student's t test] or APB5, a specific blocker of PDGFRβ [n lss + ctrl IgG = 8; n lss + APB5 = 8; t ( induces smooth muscle cell migration. Niu et al. (2015) showed PDGF-BB involved pericyte loss in human immunodeficiency virus infection. The exact mechanism by which PDGF-BB induces cochlear pericyte migration is not known. Studies in other tissues have shown that PDGF-BB binds to PDGFR-β, leading to non-covalent dimerization and auto-phosphorylation of the receptor on cytoplasmic tyrosine residues. The auto-phosphorylation of PDGFR-β consequently triggers downstream signaling, including in MAPK, ERK, JNK, p38 MAPK, and PI3K/Akt kinase pathways, causing rearrangement of the cytoskeleton, generation of locomotor force, and adhesion (Sano et al. 2001; Sano et al. 2002; Hayashi et al. 2008; Armulik et al. 2010; Zhang et al. 2015) . This constellation of effects is necessary for cell protrusion (Graf et al. 1997; Zhang et al. 2015) . In our study, we noticed that PDGF-BB induces remodeling of actin filaments in primary cultured pericytes (shown in Fig. 3) . A marked increase in actin filaments is seen in the periphery of PDGF-BB-stimulated pericytes. The actin expression in the pericytes could be marking the internal forces leading to pericyte protrusion and detachment from the capillary wall.
Blockade of the PDGF-BB signal has shown effectiveness in reducing pericyte migration; however, we also note the pericyte migration is not fully stopped by blocking PDGF-BB activity. This is suggestive other signaling molecules are also involved in the pericyte migration. We previously reported that upregulation of VEGF following loud sound exposure is an important factor for increased expression of intermediate filament desmin in strial pericytes (Shi 2009). Others have also reported that VEGF acts as a pericyte mitogen under hypoxic conditions and that it stimulates migration of pericytes in a dose-dependent manner in cultivated bovine retinal pericytes (Yamagishi et al. 1999) . Interestingly, a number of studies have shown VEGF-mediated cell migration also involves plateletderived growth factor receptor-mediated tyrosine phosphorylation (Ball et al. 2007 ; Pennock et al. 
2014
). An early study (Nadal et al. 2002) showed other molecules such as angiotensin II also to stimulate migration of retinal microvascular pericytes. This migration involved both TGF-beta and PDGF-BB pathways. Collectively, these findings suggest the PDGF-BB signal may integrate or participate together with other molecules such as VEGF and angiotensin II to cause strial pericyte migration under pathological conditions. These conditions may include acoustic trauma in the ear. Our new results suggest increased levels of PDGF-BB strongly involved loud sound-induced strial pericyte migration. The findings provide evidence VEGF-induced upregulation of desmin following loud sound may be through a PDGF-BB-mediated pathway, as suggested in our earlier report. Exactly how the PDGF-BB is upregulated is not clear. We suspect increased production of strial PDGF-BB under loud sound-stimulated conditions may be signaled through hypoxia-inducible factors (HIFs). Recent studies have demonstrated that HIF-1-alpha (HIF-1α), a transcription factor regulating expression of genes related to hypoxic stress, upregulates PDGF-BB (Schito et al. 2012; Li et al. 2015) . For example, it has been shown that PDGF concentration is significantly increased under hypoxic conditions in the lungs of humans and mice with symptoms of pulmonary hypertension (Dahal et al. 2011) . Previous studies, including ours, have shown that hypoxia in the ear after loud sound is immediate, and the effects persist after the loud sound is terminated (Graf et al. 1997; Niu et al. 2014) . Induction of HIF-1α and its translocation is detected as early as 30 min after noise exposure (Chen et al. 2011) . Is increased PDGF-BB production in the stria vascularis under loud sound conditions signaled by HIF-1α? In this report, we do not yet have the data to confirm this. The validity of this assumption virtually needs further investigation and verification.
INCREASED VASCULAR LEAKAGE PREFERENTIALLY OCCURS AT SITES OF PERICYTE MIGRATION
We found sites of pericyte migration highly associated with regions of vascular leakage. The pericytes are known to regulate microvascular permeability, development, and maturation by controlling endothelial cell functions (Sweeney et al. 2016) . In general, pericytes form an umbrella-like cover over gaps between endothelial cells, holding extravasated cells and proteins within the vessel wall (Duz et al. 2007 ). Pericytes maintain vascular integrity by physically supporting vessel walls and by affecting formation of endothelial cell tight junctions (TJs), attenuating transcytosis in the endothelium, and depositing basement membrane (BM). Pericyte deficiency has been shown in other organs to result in increased vascular permeability, with corresponding disruption of TJs, defects in BM, and increased endothelial transcytosis (Jadeja et al. 2013; Hurtado-Alvarado et al. 2014; Lemos et al. 2016 ). In the ear, entry of serum proteins and inflammatory cells from leaky vessels, and tissue edema, has been frequently demonstrated in the acoustically traumatized cochlea (Suzuki et al. 2002; Hirose and Liberman 2003; Shi 2011; Zhang et al. 2013 ). However, in earlier studies it was not known vascular leakage is linked to pericyte migration. In the present study, we correlated the IgG leakage of capillary walls in the vicinity of migrating pericytes. We found leakage of plasma protein IgG Blocalizedl argely to sites of pericyte protrusion or migration. We also observed the accumulation of HRP in the adjoining extracellular spaces of migrated pericytes, with the endothelial wall showing membranous inclusions and multiple vesicles in the endothelial cell. These findings indicate damaged endothelial cells and pericytes may cause weakening of the capillary wall, leading to regional Bweak spots^or Babrupt breaks^in the blood-tissue barrier. Circulating sub- stances in the blood can then easily penetrate the broken blood-tissue barrier into the perivascular space. Our findings are in line with data from other labs which report pericytes critical for limiting vascular permeability (Lemos et al. 2016 ). Our finding is also in agreement with a recent report on human samples from Meniere's disease patients (Ishiyama et al. 2017 ) which show numerous vesicles within vascular endothelial cells where pericyte processes are detached and basement membrane is disrupted in the macula utricle. Our evidence also suggests increased transcytosis activity is a feature of increased vascular leakage. Taken together, our data show that abnormal interaction between pericytes and endothelium leads to increases in vascular extravasation. Pericyte migration is apparently a factor in the pathological event.
In conclusion, the integrity of the stria vascularis is known to be critical for maintaining the ionic and metabolic homeostasis required for normal hearing (Cohen-Salmon et al. 2007; Zhang et al. 2013; Chen et al. 2014a; Ingham et al. 2016; Shi 2016) . Pericytes, as a mural component of the microvessel wall, are vital for structural and functional integrity. In this study, we found that pericytes are vulnerable and highly sensitive to acoustic trauma. Loud sound causes pericyte migration from capillary walls in the stria vascularis, and the migration is highly associated with PDGF-B signaling. Microvessels without intact pericytes are destabilized and this contributes to regional leakage (as illustrated in Fig. 8) . Hearing acuity requires a healthy cochlear microenvironment, including normal functioning pericytes. These new findings suggest that targeting pericyte migration may open opportunities for new therapies for preventing early noise-induced tissue swelling and edema. Controlling tissue edema would provide a better ion microenvironment and increase cochlear oxygenation, and thus give injured sensory hair cells a better chance to survive by stabilizing them in late stage of loud sound stimulation, with the potential to improve hearing.
